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estimated between 20,000 and 40,000 m^c 
tons (W^ 77). Aasiuning pre^Incan tech- 
oologies operated at efficiencies comparable 
to huqyras and recognizing the initial pres- 
cDce of grades as rich as 25% Ag (//), our 
data imply that several thousand tons of silver 
were produced in pre-Incan times. Although 
major new archaeological discoveries in the 
Andes remain a distinct pdssibiUity, the like- 
lihood seems equally probable that most of 
this silver was recycled and transported else- 
where tn the Americas before conquest, or 
eventually enpoited overseas by the Spanish. 
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IPaull M. S^®®4<> jMlfildb G» Tfiinsey^^t J^^nisGilDaMni Zallevstgf,^ 
(EtfigenG A. Zhdotovsilcy, JoCm ^ B^ajsrials. n^^^ (E. SsymnkowcCdl, 
Christina AfeKwiftft, Oavid CamnnOdhool!, Ctoooyl Cihiain), IUm COioinry, 

(Diuc*IHl3(nih T. Ngtuym, CMsi^/ts^DK^ Ol^on. PosiaU O'KooiFo, 
CCsHrm Sing«ir. Omid VQft),.J)os2 Vi(&ilm<s(tGbecr« Sean C. Yo<te(r. 

iaissSIl 0. DaM^^at^ 

Tumor necrosis factor (TNF) is a tcey reguQator of Inflammatory responses 
and has been implicated In mariy patlfiotogical conditions. We iised 
structure-based design to engineer variant TNIF proteins that rapidly form 
lieterotrimers with nath«g TNF to give connplexes that neither hind to nor 
stimulate signaling through TNF recepto(rs. Thus/ TNF Is Inactivated by 
sequestration. Dominant-negative TNFs represent a possible approach to 
anti-ininammatory biotherapeutlcs, and experiments In animal models show 
that the strategy can attenuate TNF*mediated pathology. Similar rational 
design could be used to engineer Inhibitors of additional TNF superfamlty 
cytotclnes 8$ well as other multlmeric ligands. 



TNF is a piomfkomnatoiy cytokme that can 
complex two TNF leoeplors, TNFRl (p55) and 
TNEfU (p75), to activate ^gnaliog cascades 
cootioUii^ apopiost6» iitflainniatioii» cell piolif- 
cfatioD, and the immune leqioBse Tlu 
264d[> Qfpe D traosmonbiane TNF precuisor 
protein, eiqnessed on many ceU types^ is pio- 
teolyticafly comreited into a sohibfe 524d> ho- 
motraner {6y Ad elevated setimi levd of TNF 
is associated with the patho|Aysiology of ifaeu- 
matoid aitS&ritis (RAX inffammaitoiy bowel dis- 
ease, and ankylosing ^ndylitis (7, ?, ^ and 
molecules that inhibit iVlF signaling have dem- 
onstrated clinical eflkacy in treating scane of 
dxese diseases (P. 10), 

We have engineered dominant-negative 
TKF (DN-TNF) variants that inactivate (he 
native bomotdmer by a sequestration mech- 
am*sm diat blocks TNF bioactivity (fig. SI). 
Protein design automation (PDA)» an in silico 
method that predicts protein variants with 
improved biological properties (77-75), was 
used to introduce single or double amino acid 
changes into TNF (Fig. lA) to genexate die 
desired, biological profile while maintaining 
the overall structural integrity of the mole- 
cule. Specifically, our goal was to design 
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homotrimeric TNF variants that (i) have de- 
cftased leoeptor binding, (ii) sequester native 
TNF homotrimers ' fiom TNF receptors by 
fonnation of inactive native .variant heterotri- 
mcfs, (ill) abolish TOF signaling in relevant 
biological assays, and (iv) are easily ex- 
pressed and purified in large quantities fioxh 
bacteria. Variants were tested for TNF imp- 
tor activation in cell-based assays, and non- 
agonistic variants were then chedced for tiieir 
ability to antagonize native TNF in cell and 
animal models. Subsequently, we ev^uated 
asseihbly state, rece|itor binding, and hetero- 
trimer fonnatioii for several variants. 

The ^ compitntional design strategy used 
crystal structures of native and variant TNF 
trinsis as tenq>lates for ^ simulations. Anal* 
ysis of a homology model of the TNF-receptor 
coixi|>lex revealed several distinct regions of the 
cyt(^ine that malce multiple direct contacts widi 
its recqrtors (Fig. 1 A), including interfaces ridi 
in hydrophobic and electrostatic interactions. 
We ran sinmlations to select oommmunogenic 
point mutations that would disn^ receptor in- 
teractions while pteserviog the structural integ- 
rity of the TNF variants and their ability to 
assemible into heterotriroeis with native TNF 
(7^). Many of the designed T!NF variants dis- 
played markedly reduced binding to TNFRl 
and TNFR2, aiKl sevemi combinations of po- 
tent single mutati(»]s fortber deoDeased bm^g 
<Fig. IB and lig. S2). As predicted by analysis 
of tiie TNF^TNFR structural con^lex, combi- 
natioQS of the most potent single mutations at 
tfiffertot imeractioo domains (e.g., A14SR and 
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A145R/I97T attemiated TNF-toduced caspase 
activity by 50%^ and at 2(X>foid excess, ectivi^ 
im reduced to baseline. The in vitro poteocy (by 
aass) Qf these variants is conq>aiEble to &at of a 
Goh^Ie Pc-TNFR2 ftision (danercq»t) and more 
poteot than that of an antdiody to TNF (inflix- 
imab), two maztceted anti-TNF tfierapiea, sup- 
porting the potential utilify of this mechanism. 
Similarly, at 20-fokl excess over native TKF, 
single-point (A 145R, I97T, Y87H) and partku- 
larly doubbfoint (A145R/Y87H. A.J45R/I97T) 
variants decxeased caspase activation (fig* S3) as 
n^ll as TNF-induced transcr^ona] activation 
by NF-kB in human embryonic Iddney (HEK) 



293T cells (Pig. 2B). Consistoit with these re- 
sults, the TNF variant AMSR/VSTH (at lO-fold 
excess over native TNF) blocked TW-inductd 
nuclear translocation of &e NF-kB p65-RdA 
subunit in HeLa cells (Fig. 2Q. Thus, a number 
of variants naitialized TNF-induced caspase and 
NF-KB~mediated transcriptional activity over a 
wide range of native TNF concentrations, in- 
chiding tbc clinically relevant range of lob to 
200 pg/ml found to the synovial fluid of RA 
patients (;7-/J0. 

To denHmstrate that the mechanism of TNF 
inhibition requires the formation of hetetotri- 
meric complexes with native TNF, we ineasuied 
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ffk, 3. DN-TNF vari^rts Inhibit signaling by sequestering native TNF Into Inactive heterotrlmers. 
(A) diverse correlation between heterotrlmer fomnatlon and caspase activHy. Native TNF was 
ndxed In exdiange buffer (14) with A145R/Y87H (v. A145R/I97r □), or etanercept p. O). 
as described for Fig. 2. A part of each mbcture was analyzed by a sandwich EUSA to detect 
nstlvervariant TNF (open symbols), and the remainder was used to stimulate caspase activity In 
U937 ceUs (dosed symbols). Caspase activity, arbltraiy units normalized to V' (B) Native gel 
analysis of heterotrimer fonnation with various ratios of native (N) and DN-TNF(V). FUG-ta^ed 
native TNF was incubated alone (Ns^V^ lane 10:0) or with Inaeasing concentrations of His*tagged 
variant A145R/Y87H (lanes 10:1 to 10:100) before native gel electrophoresis to detemilne 
heterotrimer formation. The differences in Isoetectic point conferred by the epitope tags allowed 
for resolution of sU possible trfmer spedes (NsiVo, tA^V^, N|:V2/and H^iV^. Inaeasing concen- 
trations of DN-TNF variant caused the redistribution of native TNF Into bothTieterotrimerSi and at 
10-fold excess all detectable native TNF was consumed 
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Fig. <J» DN-TNF variants exhibit efficacy In vh«>. (A) Effect of heterotriniers of various ratios in the 
galactosamine-sensftlzed mouse model of human TNF-induced endotoxemia. Native human TNF 
was dosed at 30 pg/lcg and A145R/Y87H was dosed at tfie Indicated ratios to a fixed native human 
TNF dose of 30 »ig/I;g except at the 1:50<^ ratio, where A145Kr)r87H was dosed in 50-fold excess 
of native hunoan TNF (75 »Lg/[(g). Uvers were harvested and samples were blinded and scored for 
yoptotic damage on a scale ofO to 4 as described (M). ^^P < 0X>5. (B) Efficacy of A145R/y87H 
bi the rat 7-day established CIA model A145R/Y87H was modified to Introduce a PEC moiety at 
feslduejt of a non-epltope-tagged molecule, as desalbed {U). One group of four animals was 
ijonartiirttlc (o); the remaining animals were collagen treated and, after tiie onset of symptin^s 
they were fandomized into groups of eight Animals were treated with vehlde (o). variant at 10 
mg/fcg twice dally dosing (o). or variant at 2 mgfkg subcutaneously with an Intravenous loadihg 
flose of 2 mg^ on tt»e first treatment day (□). Heasurements of ankle diameter were made daily 
liy caliper. < 0.05. 
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die lelatioo between heterotrimer levels and m- 
hibitioD of TNF-ioduoed signalii^ (N). We 
generated hetefotrimedc oon^lexes by tnixiog a 
fixed amount of FLAO-tagged native TNF witii 
incteasmg oancentrations of His-tagged TNF 
variants. A pan of tiiis material was used m a 
sandwich enzyme-linked immunosorbent assay 
(ELISA) (Fig. 3A, open symbok) to detect tiw 
fonnation of Uis-FLAO hetetotrimm, and die 
remainder was ^licd to U937 cells to detect 
TNF-mcdiated caspase activation (Fig. 3A. 
closecil symbols). The extent of hetero^imcr ior- 
matioat of A145R/Y87H or A145R/I97T with 
native TKF conelatcd with a decrease m 
ca^me activation, demonstrating an inverse re- 
lation between signaling and hetootrimer for- 
mation. As eTtpected, etanercept activify is inde- 
pendent of TNF monomer exchange O^ig. 3A, 
q>en circles) because etanercept binds to the 
TNF trixner. To (firectly visualize heterotrimer 
fonmtion, we mixed FLAG-tagged native TNF 
witfi His-tagged DN-TW and resolved tiie ex- 
dianged products using native polyacrylamide 
gel electrophoresis (PAQE) (Fig. 3B) (20). Eke- 
trppbDresis of equimolar quantities of nuxed 
DN-INF and native TNF resolved tiie variant 
homotrimer, 1:2 and 2:1 native:variant hetero- 
Inmcis, and itative homobnnoBr in qiproximate* 
ly the expected 1:3J:1 latk) (Fig. 3B, hne 
10:10). Western blot analyses (14) with anti- 
bodies against the epitope tags confimied the 
onn^ositiaa of the tatennedtate spocwB (fig. 
S4X Stodbasiic equilibrium modetiog of native 
and variant TNF heterotrimer assembly predicts 
tiiat 10-fold excess of variaiit hoxDotriiiier causes 
tiie loss of more tiian 99% of homotrimeiic 
native TNP^ primarily into 1:2 nattve:variant 
heterotrimeis, ami our results o n n fi n n fld tiiis 
(Fig. 3B, lane 10:100). Exchange reactions be- 
tween native and variant TNF reached ^-80% 
completion at 20 min, and essentially all the 
native homptrioter was depleted after 90 min 
(fig* S5). Finally, we confirmed that biological 
activity of variants requires exchange into het- 
erotrimeric conit>lexes widi native TNF. Spedf- 
ically, our most potent variants (e^ A145R/ 
Y87H) Med to block caspase activity induced 
by chemically cross*linked native TNF homotri- 
mers (I4\ which are unable to dissociate to 
allow exchange wrtii variant TNFs (fig. $6). 

The KQo^ potent in vitro inhiHtors were se- 
lected for testing in vh^o, to fintiia^ study the 
noiechanism and to b^gin thert^^eutic lead candi- 
date identification. We tested tiie bioactivity of 
variant homotiimer and native:variant heterotri- 
men hs tiie D-galactosamine (GaIN>seQsitized 
mouse modd, which demonstrated that DN- 
T^SFhomotrimera, and heteiotrinMss wifli native 
TW^ are devoid of agonist activi^ and efficient- 
ly exchange widi endogenous TNF in viva 
GaIN is a known specific hepatcHoxin that can 
increase die sensitivity c^mice to human TNF 
by lOCO-fdd 22). Native human TNF (30 
|ig/kg) induced severe hepatooelhdar apq)tosi8 
and lediality, consistent witii previous reports 
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